Abstract. The article focuses on developing an operation model, how to decrease the necessary grid connection power for electric vehicle fast charging stations, based on the current electric vehicle (EV) charging tendencies in Latvia. In order to reach the goals of decreasing CO2 emissions in the transportation sector, Latvia has rolled out electric vehicle fast charging infrastructure on the main TEN-T roads. However, because this infrastructure will not be uniformly used all across Latvia, the maintenance and infrastructure costs are high. This article is examining a possibility of decreasing these costs by introduction of energy storage and renewable energy sources to lower the required grid connection power level. The specific task of the article was development of a model based on the charging data from EV charging sessions to reliably simulate possible charging scenarios as EV use will increase in the future. The model was then validated using Monte Carlo simulations and compared with the empirical results. The possibilities of grid connection power decrease were analysed. The results demonstrated that introduction of energy storage and photovoltaic energy would currently decrease the operational costs for 93 % of the EV charging stations in the Latvian fast charging network.
Introduction
In 2018 Latvia finished installation of the first phase of its electric vehicle fast charging network [1] . The establishment of fast charging network was determined in the Latvian electrical mobility plan as a mean to reach the goals of decreasing CO 2 emissions in the transportation sector [2] . The roll-out of fast charger infrastructure was seen as a prerequisite for successful introduction of electric vehicles in the country [2] .
Latvia has rolled out electric vehicle fast charging infrastructure on the main TEN-T roads with the distance of 30 km between the charging stations, thus providing EV users with availability to travel all over the country without anxiety that their car will run out of energy.
Currently 50 kW fast charging stations require 3-phase 73 A connection [3] . There is no such standard connection available in Latvia, which has specified connection levels at: 16, 20, 25, 32, 40, 50, 63, 80 and 100 A [4] . Therefore, to provide the necessary current of 73 A, the charging station should be connected to 80 A grid connection [5] . In accordance with the energy rates in Latvia, the costs for energy distribution consist of fixed part payment for grid connection depending either on amps or kWh, depending on the type of the connection, and of the variable part depending on the chosen tariff plan. The example of costs for 80 A 3-phase connection to 0.4 kV line is shown in Table  1 . This means that average energy costs in the Latvian fast charging network are extremely high, as the average monthly charging is low. Based on the information from the Latvian fast charging network first year of operation as presented in Fig.1 , the transmission and distribution costs range from 359.5 to 0.0851 EUR·kWh -1 [8] , depending on the station utilisation rate and subsequently the charge amount.
Only five charging stations in the network have the energy costs close to the costs of charging electric vehicle at home, which would be an acceptable level for users. The costs for all the other charging stations have to be subsidised by the government. Therefore, the aim of this research was to determine if it is possible to decrease the necessary grid connection power for the rarely used fast charging stations in order to decrease the operational costs and consequently decrease the need for subsidies for trans-Latvian electric vehicle fast charging network operation.
With the decrease in photovoltaic (PV) panel prices, PV energy as a viable renewable energy source has been suggested [9] . Because of the intermittent nature of PV energy, development of the energy storage equipment was following [10] , but the research in this area was still scarce [11] . The use of such a system for decreasing the grid demand charges was suggested in [12] and later analysed in detail [13] including the investment costs, based on the situation in Canada. A heuristic storage system sizing was analysed in [14] , however, it was for a different goal -to optimize the operation of 15 charging station pool. In [15] Monte Carlo simulation is used for realistic demand simulation for fast EV charging stations in Spain.
The scope of this article is limited to the energy costs and does not evaluate the capital expenses of the solar and energy storage system installations, nor operational costs for their support during lifetime.
Materials and methods
For the purposes of this model the input parameters of the model are divided in two parts, as presented in Table 2 . The fixed parameters are the ones, which are not changed between simulations (e.g., we assume the battery charging curve to remain the same function, as long as we do not change the battery type), and the "variable" parameters are changed according to the modelled system configurations or changes in the environment. Data from the JRC Photovoltaic geographical information system [16] for 11 years 2005-2016 about solar radiation and temperature were used to calculate the predicted amounts of energy. Monthly and hourly PV profiles described in [17] were used for solar energy production schedule simulation. The power generation scenario assumed generic microcrystalline solar cells with a 14 % efficiency.
In this article we have limited the maximum area for PV installation to that of three vehicle parking spots. This has been decided based on the real-life limitations in Latvia. The charging network is run by the governmental agency Road Traffic Safety Directorate, which, for the purposes of Cost (EUR·(kWh) -1 installing charging stations, has leased land for parking places from variety of land owners. Thus, the area available for PV installations is limited to the land area leased. Subsequently we have modelled three PV installation scenarios to cover the area of 1, 2 or 3 car parking spots. According to the data from Solisco it corresponds to 2.24 kW, 5.28 kW and 9.6 kW solar Mpp, respectively [18] .
For the purposes of this simulation, generic Li-Ion battery charging parameters were used with charging / discharging capacity with 1C. Li-Ion battery chemistry was chosen to simplify the energy flow model in this paper, as it has sufficiently high charge acceptance. Lead-acid batteries are cheaper, and their cycle life is sufficient for the purpose of providing energy storage; however, their charging speed is inadequately low, and additional modelling would have to be carried out to find the sufficient size, which was beyond the scope of this article. The effects of battery chemistry will be analysed in forthcoming articles dealing with the installation costs and return on investment.
The amount of the installed battery capacity was varied from 0 to 24 kWh with 2 kWh increments. This would account for requirements of 95 % of all charging events -see Fig. 2 . The average charge amount per session in 2018 in the Latvian fast charging network was 11.1 kWh, the median -10.3 kWh and mode -10 kWh (not counting 0 kWh, which represents errors starting the charging session and in 2018 accounted for 8 % of all charging sessions). An average hourly charging distribution was determined in [8] using the data from two most frequently used charging stations in Latvia. Average distribution of charging events is presented in Table 5 , at the same time noting that no correlation was observed between the actual charging events or charged energy amounts in individual days.
This charging event distribution table was used as a basis for probability distribution to generate charging session schedules for a year using Monte Carlo simulation for various utilisation rates, based on actual charging station utilisation rates in Latvia, as described in [8] -64 charging stations or 88 % of all were charging once a day or less.
The second step after the charging session schedule has been generated was to generate particular charging power for each session. The basis for the second stage power level generation was the charging power distribution table based on the empirical charge distribution data in the Latvian fast charger network Table 4 .
To reach the goals set out in this task, the aim is to decrease the necessary grid connection amperage, therefore the algorithm is optimised to limit the incoming energy flow from the mains grid, with priority of providing energy security over the cost considerations.
A part of the general energy flow algorithm dealing with energy supply to the charger during the charging process is presented in Fig.4 . The branch of the algorithm depends on the utilisation rate of the station and the installed capacity of the storage system. The locally generated PV energy is always used first, if available. For the energy requirements not covered by PV, the algorithm determines the optimum power source combination. As long as the installed storage amount is larger than the expected shortage of the main grid capacity, the priority is using energy from the battery, maximising locally produced energy. If the expected charging amount is larger than the storage amount, the priority is providing service quality and keeping battery reserves as high as possible.
Fig. 3. Energy flow algorithm during charging process
For the time when charging station is not operating, the algorithm is simple -the first priority is charging up the energy storage system, then selling the rest of the energy produced from microgeneration into the grid.
Results and discussion
The model was validated in all stages of the data generation. The results of the charging power distribution were validated first, and the results are presented in Table 3 . Using both generated tables -the charging session table and session power table, the final energy consumption table was calculated, assuming that each charging session lasts 30 minutes, which is the charging session limit set by the Latvian fast charging network operator.
The results were compared to the initial charging energy distribution table to validate them, as presented in Table 4 . Anova analysis of final charging power distribution in real data and average generated data showed p = 0.997 with F = 1.1*10 -5 and F crit = 4.05.
The scenarios for the charging schedule generations were created based on the real-life charging session distribution in Latvia, presented in Table 5 . As demonstrated, 93 % of all charging stations in Latvia are being used just twice a day or less. Thus, Monte Carlo simulations were run to see the effect of the installed energy storage system and solar panels.
The simulation results were analyzed depending on the possible outcomes:
• 0 -the total energy request was covered by the installed grid connection capacity. (In this case the locally generated energy from PV still would be used first, if available) • 1 -the total request was larger than the installed grid connection capacity, but it was covered by the total available power from PV and grid.
• 2 -the total request was larger than the installed grid connection capacity and available PV energy, and the shortage was covered by the battery • 3 -the energy was not sufficient to cover the energy requirements.
Examples of two simulation outcomes are demonstrated in Table 6 , one being for 50 A grid connection with 9.6 kW Mpp PV panels, the other for 32 A grid connection with 2.24 kW Mpp PV panels. Each simulation used the same generated charging scenario, with 967 charging events (on average 2.64 events per day).
Outcome 3 is critical -it means that the energy was not sufficient to cover the requirements. In these examples at 50 A connection critical failures occur, if the battery is less than 10 kWh, while at 32 A and 2.24 kW PV microgeneration level there was 1 failure event already at 22 kWh and 20 kWh level. As it is about 0.1 % of all cases, the decision whether that is acceptable has to be a judgement call from the management depending on the charging network's policies. Table 7 demonstrates failure rates at 25 A, 32 A, 40 A and 50 A connections. The simulation at 63 A connection showed no critical failure rates. 46% 26%  25% 25%  6%  6%  5%  8  53% 53% 52% 31% 31%  29% 12%  12% 11%  1%  1%  1%  10  40% 39% 39% 18% 17%  17%  6%  5%  5%  ---12  23% 23% 22%  9%  9%  9%  1%  1%  1%  ---14  12% 12% 12%  4%  4%  4%  1%  1%  1%  ---16  7%  7%  7%  2%  2% 
The results display that at these PV generation levels the battery storage amount is more important than PV generation. At 50 A grid connection level the system failed 50 % of time without battery storage, while adding 10 kWh storage eliminated failures completely. If the operator is prepared to accept 1 % failure rates, the grid connection can be decreased to 25 A. In practical terms it would mean that fast charging would take 1 hour instead of 30 minutes up to 10 times a year.
These results confirm the previous research -both [12] and [13] note that from the operational cost point of view adding PV and battery storage to the EV charging station greatly decreases the energy costs. Furthermore, the research confirms that PV decreases the overall electricity costs, while does not decrease the demand costs, while energy storage decreases the demand costs, marginally increasing the electricity costs. The research points out that because of the large initial investment overall feasibility of the investment would greatly depend on the particular location and electricity provider's pricing structure. Thus, [13] notes that currently in Canada PV and storage systems would not pay back within reasonable time, while in Spain they can improve the station's profitability [15] .
These factors concerning the required capital investments and their payback shall be analysed in following articles to gain full perspective of feasibility of the PV and battery storage assisted EV charging stations in the Latvian national EV charging network.
Conclusions
The model based on the empirical data of the Latvian charging network proved that installing the energy storage system and renewable energy microgeneration source allows decreasing the grid connection power levels. 1. At the power levels consistent of the area of the car parking space, the battery storage amount affects the charging more than PV generation levels. 2. Adding 10 kWh energy storage it is possible to decrease the grid connection from 80 A to 50 A to provide faultless charging for 93 % of the Latvian charging stations. 3. Adding 24 kWh energy storage it is possible to decrease the grid connection from 80 A to 25 A with the failure level of 1 %.
